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Using the first-principles density functional approach, we investigate a material Pr2MgIrO6
(PMIO) of double perovskite structure synthesized recently. According to the calculations, PMIO
is a magnetic Mott-Hubbard insulator influenced by the cooperative effect of spin-orbit coupling
(SOC) and Coulomb interactions of Ir-5d and Pr-4f electrons, as well as the crystal field. When Pr
is replaced with Sr gradually, the system exhibits half metallic (HM) states desirable for spintronics
applications. In [Pr2−xSrxMgIrO6]2, HM antiferromagnetism (HMAFM) with zero spin magnetiza-
tion in the unit cell is obtained for x = 1, whereas for x = 0.5 and 1.5 HM ferrimagnetism (HMFiM)
is observed with µtot = 3µB and µtot = −3µB per unit cell respectively. It is emphasized that the
large exchange splitting between spin-up and spin-down bands at the Fermi level makes the half
metallicity possible even with strong SOC.
Introduction.– Half metals (HMs) are a class of ma-
terials which are metallic in one spin channel, while in-
sulating in the opposite spin channel due to the asym-
metric band structure [1–7]. HMs can generate spin-
polarized currents without any external operation, and
thus are very useful for spintronics applications. They
have been identified in several groups of materials [8–16]
and huge magnitudes of magneto-resistance have been
reported [17]. It was noted, however, that spin-polarized
current might be hampered by stray fields which stabi-
lize magnetic domains. This drawback can be overcome
in HM antiferromagnets (HMAFM), a subclass of HMs
characterized further by zero spin magnetization per unit
cell [2, 7]. A brand new field coined antiferromagnetic
spintronics is emerging towards exploration of novel func-
tionalities of antiferromagnets [18–20].
Ideally HM in a stoichiometric material is a quantum
state specified by integer spin magnetization in units of
Bohr magneton, where the total number of electrons per
unit cell is an integer and all valence bands are fully filled
in the insulating spin channel. In reality, however, accu-
rate integer spin magnetization has hardly been achieved.
An apparent reason is the quality of a crystal. Another,
and more intrinsic, reason may be the existence of spin-
orbit coupling (SOC), which is especially important for
heavy elements.
Generally speaking, SOC is taken as an unfavorable
effect for spintronic applications, in which one wishes to
keep the spin moment for information processing and en-
coding. A naive question then arises whether HM can
survive in presence of sizable SOC. In presence of other
fields, the answer to this question can be positive. Actu-
ally, it is revealed that a topological HMAFM state can
be generated by simultaneous application of antiferro-
magnetic exchange field and alternating electric potential
in addition to SOC in a double perovskite structure [21].
Generalizing the idea into broader classes of materials
is expected to provide a new facet for developing func-
tional materials. A newly synthesized double perovskite
material Pr2MgIrO6 (PMIO) [22] then comes into our
attention with the unique properties: Pr atoms and Ir
atoms carry on opposite spin magnetizations, and oxy-
gen octahedra exhibit large crystal distortion which may
induce strong crystal field and help in splitting the spin-
up and spin-down bands which are expected to compete
with the strong SOC in Ir and Pr atoms.
It is also worth noticing that iridates themselves have
been attracting significant interests recently which yield
various unconventional phases in cooperation with the
strongly-correlated effects due to Coulomb interaction
among electrons. For instance, Sr2IrO4 has been evi-
denced by an experiment as a Jeff = 1/2 Mott-insulator
[23–25]. Ln2Ir2O7 is predicted to transform from a topo-
logical band insulator to a topological Mott insulator [26].
The topological semimetal state has been predicted in
Y2Ir2O7 characterized by Fermi arcs on surface [27].
We have performed first-principles density-functional-
theory (DFT) calculations on PMIO. It is found that
PMIO is a Mott-Hubbard insulator, where a Pr atom
carries 2µB and an Ir atom carries -1µB moment, result-
ing in µtot = 6µB per unit cell of [Pr2MgIrO6]2. This
material is interesting in the sense that (i) the topmost
valence states close to Fermi level (EF) are exclusively
spin-up bands contributed from d electrons of Ir, and
(ii) the A-site element Pr provides both charge and spin
magnetization as opposing to most perovskite materials.
Therefore, holes doped into the system tend to exhibit
spin-up polarization, which makes this new material a
unique platform for material tailor with simultaneous
control on charge and spin. Specifically, we consider the
replacement of Pr by Sr, with Sr being non-magnetic and
donating one electron less than Pr. We find that the ma-
terial [Pr2−xSrxMgIrO6]2 is HMFiM with µtot = 3µB and
−3µB at x = 0.5 and 1.5 respectively, and HMAFM with
µtot = 0 at x = 1. The interplay among Coulomb repul-
sion, SOC and the crystal field plays an important role
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2in this material. To the best of our knowledge, this is the
first prediction of HMAFM with large SOC.
Crystal structures and methods.– The crystal structure
of PMIO is shown in Fig. 1(a) which falls in the space
group P21/n with monoclinic-distortion derived from the
double perovskite structure. It has structural distortions
due to the tilting and rotation of IrO6 octahedron in addi-
tion to the different bond-lengths between Ir and oxygen
atoms.
FIG. 1. Crystals of double perovskite structure: (a) parent
material [Pr2MgIrO6]2; (b) material with half Pr replacement
[PrSrMgIrO6]2. The red (black) arrows indicate the direction
of Pr (Ir) spins along the c direction which is the easy axis.
In order to provide a realistic description of the elec-
tronic and magnetic structures, a set of first-principles
DFT calculations were performed using the full-potential
linearized augmented plane wave plus local orbital
method implemented in the WIEN2k code [28]. The
atomic sphere radii RMT were 2.44, 2.2, 1.91, 2.07 and
1.7 Bohr for Pr, Sr, Mg, Ir and O respectively. A
set of 2000 k-points were used in the full Brillouin
zone. The standard generalized-gradient approximation
(GGA) exchange-correlation potential within the PBE-
scheme [29] were used with Coulomb interaction U of 5eV
for Pr and 1.25eV for Ir, respectively [30, 31]. Spin-orbit
coupling is considered via a second variational step using
the scalar-relativistic eigenfunctions as basis [32]. Start-
ing from the lattice parameters given by experiments [22],
we relax the lattice and reach the stable structure using
the VASP package [33] with the force convergence set at
0.01 eV/A˚. Details of the calculation methods and other
results are summarized in supplemental material [34].
Parent material [Pr2MgIrO6]2.– Same as most A-site
elements in perovskite materials, in PMIO Pr provides
charge to the system and nominally takes the charge state
+3 with 4f2 configuration lying deeply in the valence
band. Unlike other cases, however, Pr is in a high-spin
state due to strong Hund’s coupling. The transition ele-
ment Ir nominally takes the charge state of +4 with 5d5
configuration, where five of the totally six t2g orbits are
occupied and lie at the top of the valence band, forming a
low-spin state due to large crystal field from oxygen octa-
FIG. 2. (a) Partial density of states for three in-equivalent
oxygen-2p states and Ir-5d states in spin-up (↑) and spin-down
(↓) channels, (b) a distorted IrO6 octahedron, (c) band struc-
ture with red (green) curves for results based on DFT (Wan-
nier) method, and (d) schematic band diagram for the order-
ing of Ir-t2g electrons for the parent material [Pr2MgIrO6]2.
hedron. According to first-principles calculations, there
is an energy gap of ∼ 0.2eV at EF (see Fig. 2), indicating
clearly that PMIO is a Mott-Hubbard insulator.
As revealed by the partial density of states (PDOS) in
spin-up and spin-down channels [35] and the band struc-
tures obtained from first-principles calculations as well
as Wannier downfolding analyses (Fig. 2), the t2g orbits
splits into dyz > dxz ≥ dxy in the order of energy, and a
large exchange energy ∼ 1.2eV pushes those in the spin-
down channel down away from EF. This is caused by
distortions of octahedron in the present material, where
there are three sorts of oxygen positions with different
Ir-O bond lengths lz ≤ ly < lx.
The magnetic property of PMIO is of particular inter-
ests. At the ground state obtained from first-principles
calculations, Pr couples antiferromagnetically with Ir.
The calculated total angular momentum (µtot) is 6.02µB
per unit cell (see Table I). In an ionic picture, each Pr ion
carries moment +2µB while Ir ion carries −1µB, giving
rise to µtot = 4× (+2µB) + 2× (−1µB) = 6µB in a unit
cell, consistent with the first-principles calculations.
Doped materials [Pr2−xSrxMgIrO6]2.– The above
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FIG. 3. Total density of states obtained by GGA+U+SOC
scheme for spin-up (↑) and spin-down (↓) channels: (a) parent
material [Pr2MgIrO6]2, (b) material with half Pr replacement
[PrSrMgIrO6]2.
properties of PMIO make it a promising candidate for
exploring possible HM states. To be specific, we con-
sider the A-site modification by replacing Pr with Sr, a
non-magnetic element usually of +2 charge state, which
corresponds to hole doping into the parent material. Pre-
suming that the overall magnetic configuration will not
be changed upon replacement, a hole will go to the spin-
up channel and reduce the total angular moment by
µ = 3µB, with 2µB taken away by the replaced Pr atom
and 1µB due to EF shift. In this way, one can modify
the material with fine control on both spin and charge.
We perform first-principles calculations to check the
above idea. Let us focus on the most interesting case of
replacement rate x = 1, where two Pr atoms are replaced
by two Sr atoms, and thus two holes are doped into the
system per unit cell. From the view of rigid band model,
doping hole shifts EF downward to valence region such
that it crosses the topmost occupied states. As revealed
by first-principles calculations, the two holes from Sr go
to the spin-up Ir-dxz states that lie just below EF in the
parent material, and push them up above EF. A gap
cannot be opened at EF in this case, since the energy
difference between dxz and dxy is small due to the almost
equal bond lengths ly and lz (see Fig. 2(b)). The spin-
down channel remains insulating since no change occurs
in the valence states. With spin-up channel metallic and
spin-down channel insulating, the system turns to a HM
as clearly seen in Fig. 3(b).
As summarized in Table I, two replaced Pr atoms take
TABLE I. Moments per atom of Pr and Ir, one set of three in-
equivalent oxygen atoms and unit cell (µtot) for replacement
rate x in [Pr2−xSrxMgIrO6]2 from first-principles calculations.
The unit of moments is the Bohr magneton µB. The contribu-
tions from individual atoms are within muffin-tins while the
total angular moment includes those from interstitial regime.
x Pr Ir O µtot
0.0 1.98 -0.55 -0.22 6.02
0.5 1.97 -0.76 -0.32 3.07
1 1.96 -0.98 -0.43 0.08
1.5 1.96 -1.17 -0.58 -2.97
FIG. 4. Isosurface of spin magnetization density at ±0.21
e/A˚3 with red (blue) for spin up (down): (a) parent ma-
terial [Pr2MgIrO6]2, (b) material with half Pr replacement
[PrSrMgIrO6]2.
away µ ' 4µB, and the shift of EF associated doped two
holes in the spin-up channel contributes a reduction of
µ ' 2µB further, which reduces the total angular moment
to zero. These features can also be seen from the spin-
density isosurface plot in Fig. 4. With the zero total
angular moment and HM property, we conclude that the
material PrSrMgIrO6 should be a HMAFM. To the best
of our knowledge, this is the first proposal for HMAFM
with large SOC taken into account.
HM states are also obtained for the replacement rates
x = 0.5 and x = 1.5 in [Pr2−xSrxMgIrO6]2 where one
and/or three Pr atoms are replaced by Sr atoms per unit
cell [34]. For x = 0.5, one hole from Sr goes to spin-up
Ir-dxz band that was lying in the topmost valence region
below EF in the parent material. As a result, Ir-dxz band
shifts to conduction region and forms a continuous band
with the Ir-d bands in the valence region. This gives
rise to metallic state for spin-up channel, while valence
states in spin-down channel remain far from EF. Similar
results have been achieved for x = 1.5, except that three
holes from Sr are transferred to spin-up Ir-5d states. The
two materials are HMFiM with µtot = +3µB and µtot =
−3µB respectively.
Discussions.– In PMIO, SOC is crucially important
due to the presence of heavy elements such as Pr and Ir.
The orbital moments obtained from first-principles calcu-
4lations for Pr (−0.4µB) and Ir (−0.2µB) are in accordance
with the Hund’s third rule, where Pr with less than half-
filled f -shell has its orbital moment anti-parallel to its
spin moment, whereas Ir with more than half-filled t2g-
shell has its orbital moment parallel to its spin moment
[36]. Hence spin-moment increases for Pr while decreases
for Ir to keep the total angular momentum (∼ 6.0µB) un-
changed. The angular moments, which are the summa-
tion of spin and orbital moments from individual atom
are summarized in Table I.
Charge-transfer effect [37] is prominent between Ir and
oxygen, especially in O2 and O3 due to their shorter
bond-lengths with Ir. Charge transfer between O2 and
Ir occurs via px, py and dxz, dyz states, and between O3
and Ir via pz and dxz, dyz states. Therefore, O2 and O3
get spin-polarized in parallel with the Ir ions, consistent
with the isosurface plot shown in Fig. 4(a). Doping holes
enhances the spin moment further at Ir and oxygen (see
Fig. 4(b)). Similar features were reported for Sr-doped
LaCoO3 [38]. First-principles calculations on magnetic
anisotropy energy indicates that the c axis of the crystal
as the easy axis (see Fig. 1) with anisotropy energy of
∼ 27meV per unit cell for the parent material.
It is well known that SOC mixes spin-up and spin-down
bands, and thus spin-polarization at EF may be affected.
It is not the case for the present materials, where the
exchange splitting between the spin-up and spin-down
DOS at EF is large (see Fig. 3) and the mixing does not
happen despite of the strong SOC (∼ 0.35eV) [39]. This
is the first theoretical prediction of HMAFM based on
first-principles calculations involving strong SOC.
In order to check the robustness of half metallicity in
the present materials, we consider the disorder effects.
There are two main types of disorders, known as antisite
disorder [40] where the positions of Mg and Ir atoms at B
and B′ sites are interchanged, and cation disorder where
Sr atoms replace Pr atoms at different A-site positions.
We have confirmed that the HMAFM remains stable in
the disordered configurations [34].
In the present work, HMAFM and HMFiM have been
derived from the same parent material. Thus, using them
in an integrated system, one can construct a useful device
for spintronics applications without suffering from the
problem of lattice mismatching.
Conclusions.– Based on the first-principles density
functional approach, we propose material tailoring on
a Mott-Hubbard insulator Pr2MgIrO6 with double per-
ovskite structure exploiting the cooperative effect from
Coulomb interaction, spin-orbit coupling and the crys-
tal field. It is demonstrated that doping holes into the
system by replacing Pr with Sr, one can achieve sev-
eral half metals. Especially, PrSrMgIrO6 is found to be
a half metallic antiferromagnet, namely half metal with
zero spin magnetization per unit cell, which is ideal for
spintronics. It is emphasized that the large exchange
splitting between spin-up and spin-down bands at the
Fermi level retains the half metallicity even in presence
of strong spin-orbit coupling.
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Supplementary material: Possible Half Metallic Antiferromagnetism in a Double Perovskite Material
with Strong Spin-Orbit Couplings
VASP calculations.– We have performed the density functional calculations by using Vienna Ab initio Simulation
Package (VASP)[1] in addition to WIEN2k [2]. The generalized gradient approximation (GGA) in the parametrization
of Perdew, Burke and Ernzerhof (PBE) [3] is used for exchange-correlation potential. The on-site Coulomb interactions
are treated by Dudarev’s method [4] with effective U values 5eV for Pr-4f electrons and 1.25eV for the Ir-5d electrons.
We use an 8× 8× 8 k-point mesh within the Monkhorst-Pack scheme [5] with energy cutoff 400eV.
Downfolding by Wannier functions.– To get intuitive real-space picture on how Ir-t2g electrons close to Fermi level
hop, we project the bands obtained from density functional theory (DFT) calculations to the localized Wannier
functions, i.e. the Ir- dxy, dxz and dyz orbitals. Since there are two Ir atoms in a unit cell, the total number of
Wannier functions is twelve for the two spin channels. The hopping integrals of t2g electrons within a same Ir atom
are given in Table S1, while those within the other Ir atom are not listed since they share the same set of parameters.
The hopping integrals between two Ir atoms are almost negligible. As displayed in Table S1, large energy differences
between spin-up and spin-down electrons prevent spin-down electrons from being pulled up to Fermi level by spin-orbit
coupling (SOC). Effective on-site energies for all the Wannier functions obtained are arranged in the order shown
in Fig. 2(d) in the main text. With the dominant nearest-neighbor hoppings among the Wannier orbitals, the DFT
result is well reproduced (see Fig. 2(c) in the main text).
Partial density of states for [PrSrMgIrO6]2.– Fig. S1 shows the partial DOS contribution from Pr-4f , Ir-5d and
oxygen-2p states. It is clear that in spin-up channel the Ir-t2g orbits originally in the valence band are now pushed
up to cross Fermi level and form a continuous band there. Oxygen p orbits also appear around Fermi level due to the
hybridization with Ir d electrons.
6TABLE S1. Transfer hopping integrals in units of meV among t2g orbitals along direction (i, j, k) for one of the two Ir atoms.
For example, the hopping integrals in direction (1, 0, 0) denote the rates of Ir-d electrons hopping to the Ir atom at the same
position but in the nearest unit cell along x-axis. The row order of 6× 6 transfer matrix is identical to that of the column. We
only show upper triangular part of self-adjoint transfer matrix.
Direction dxz, ↑ dyz, ↑ dxy, ↑ dxz, ↓ dyz, ↓ dxy, ↓ Direction dxz, ↑ dyz, ↑ dxy, ↑ dxz, ↓ dyz, ↓ dxy, ↓
0,0,0 6600 -209+160i 73-11i -5+9i 31+58i -160+61i 0,0,1 -10 2 -2 0 0 0
6726 -83-81i -27-83i -3+12i 62+127i 6 3 0 0 0
6435 152-58i -48-130i 0 4 0 0 0
6085 141-135i 54+6i -10 2 -2
6031 43+75i 5 2
6190 3
1,0,0 -7 -8 -19 0 0 0 1,1,0 -8 0 6 0 0 0
33 -10 0 0 0 4 6 0 0 0
-64 0 0 0 0 0 0 0
-1 0 -20 -11 0 7
36 -8 3 5
-68 1
0,1,0 -18 4 37 0 0 0
37 -28 0 0 0
-81 0 0 0
-17 4 39
44 -33
-76
FIG. S1. Partial density of states for Pr-4f states, three in-equivalent oxygen-2p states and Ir-5d states in spin-up (↑) and
spin-down (↓) channels for material with half Pr replacement [PrSrMgIrO6]2 (Sr2-PMIO).
7Half metallicity in [Pr2−xSrxMgIrO6]2.– Half metallic ferrimagnetic states are obtained for the replacement rates
x = 0.5 and x = 1.5 in [Pr2−xSrxMgIrO6]2 where one and/or three Pr atoms are replaced by Sr atoms per unit cell.
Shown in Fig. S2 are the total DOS for replacement rates x = 0.5 and x = 1.5 respectively. The topmost Ir-5d bands
in the valence region of spin-up channel shifts to the conduction region due to doping effects and forms a continuous
band with the valence region, resulting in a metallic state for spin-up channel. Spin-down channel remains insulating.
The materials are thus a half metals.
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FIG. S2. Total density of states obtained for (a) x = 0.5 (Sr1-PMIO), and (b) x = 1.5 (Sr3-PMIO) in [Pr2−xSrxMgIrO6]2 in
spin-up (↑) and spin-down (↓) channels.
8Robustness of half metallicity in [PrSrMgIrO6]2.– Shown in Fig. S3 are two examples of antisite disorder (b), and
cation disorder (c) for the replacement rate x = 1, which are the lowest excited states to the ground state with
excitation energy of 400meV and 70meV respectively. The half-metallic states are fully preserved.
FIG. S3. Configuration of ground state (a), lowest-excitation state in antisite disorder (b), and cation disorder (c) for the
material [PrSrMgIrO6]2. Oxygen atoms are not shown for clear view.
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